Conditions for the lactic acid fermentation of fish offal were evaluated regarding the effect of substrate concentration (2, 5 and 10% dextrose), preacidification with lactic acid (initial pH of 6.8, to 6.5 or 6.0), and inoculum size of Lactobacillus plantarum (10 7 , 10* and 10 9 colony forming units (cfu)/g). pH and lactic acid production were monitored during a two-week storage period. A small-scale silo for fermenting fish offal was also constructed, and measurement of redox potential was evaluated as a means to estimate bacterial growth conditions. The most favourable conditions for fermentation, manifested by a low and stable pH and high lactic acid production, were achieved with an inoculum size of 10* cfu/g and 5% dextrose. Preacidification did not affect final pH. Redox potential was shown to give a reliable estimate of growth conditions for bacteria under anaerobic conditions by rapidly falling to below -550mV in silage with a high lactic acid concentration.
ntroduction
Lactic acid fermentation may be a useful alternative to deep freezing, chemical acidification and protein concentrate as storage method for animal by-products, provided a product of good hygienic quality can be obtained.
To achieve proper fermentation, the material must contain lactic acid bacteria and nutrients necessary for optimal fermentation, and have a temperature within the range of the fermentative bacteria. The nutritional demands of the lactic acid bacteria include fermentable carbohydrates, amino acids, nucleotides and vitamins (Beck 1978) .
The preserving properties of lactic acid bacteria (LAB) are mainly due to production of organic acids (Hurst 1973 , Hurst and CollinsThomsson 1979 , Speck 1981 , the undissociated molecules of which are responsible for the antimicrobial activity, with decreasing pH of the product, the proportion of undissociated molecules of organic acid increases (Ingram et al. 1959 , Baird-Parker 1980 . Further, substances with specific activity against gram-positive bac-teriä have been observed in herring silage (Lindgren and Clevström 1978) .
Lactic acid fermentation of animal by-products can be achieved by adding LAB and fermentable carbohydrates to minced animal byproducts. The fermented products are usually stored at temperatures ranging from 20°C to 30°C (Nilsson and Rydin 1965 , Mackie et al. 1971 , Stanton and Yeoh 1977 , Raa 1980 , Lindgren and Pleje 1983 .
The present investigation was part of a project studying the biopreservation of animal by-products with lactic acid bacteria. This part of the study investigated the optimum level of carbohydrate addition, initial pH and inoculum size for the fermentation process. In addition, a method for measuring redox potential was developed and evaluated as a means for estimating growth conditions for bacteria.
Material and methods
Fish offal (viscera and heads) from herring (Clupea harengus) caught in the North Sea in autumn was obtained from Gilleleje Processing Plant, Gilleleje, Denmark. The offal was minced coarsely through a 10-mm plate, and deep-frozen within 6 h. The offal was kept at -20°C until 12 h before it was to be used for fermentation.
In experiment 1, batches of herring offal, each weighing 150 g, were prepared for fermentation according to a 3x3x3 factorial design regarding level of fermentable carbohydrate (2, 5 and 10% )(v/w) dextrose), inoculum size (107, 10 8 , and 10 9 colony forming units (cfu)/g,Lactobacillus plantarum, (L.p), Chr. Hansen'sLab. A/ S Hprsholm, Denmark), and initial pH (original pH of 6.8 in the offal lowered to 6.5 and 6.0, respectively, with 90% (v/v) L-lactic acid, Merck Nr, 366). All combinations of substrate, inoculum size and initial pH were prepared in triplicate and treated in a waterbath at 25°C. pH and lactic acid were measured after one, two, three, seven and fourteen days.
Lactic acid production in the fermented material was measured by titrating 5g of silage suspended in 25 ml of distilled water to pH 7 with 0.1 M NaOH. pH was measured using a Radiometer PH2B pH meter equipped with a GK24018 probe whereafter the sample was titrated with a TTT II titrator (Radiometer A/S, Rpdovre, Denmark). The lactic acid content (%) was determined by multiplying the volume (L) of the NaOH by the molarity (M) of the NaOH and the molecular weight of lactic acid (90.06) and dividing it by the sample weight (Formula 1)The % lactic acid was determinedby subtracting the % LA (w/w) before fermentation from the % LA of the fermented sample.
(L NaOH x M NaOH x 90.06) x 100 (1) % LA = 5 g (sample weight)
In experiment 2 herring offal was fermented with 10 7 efu/g L.p, 0, 2 and 5% dextrose at 25°C in order to produce a poor quality silage for use in the biochemical studies (Lassén 1995 b) . Measurement of redox potential was tested and evaluated as a tool for estimating bacterial growth conditions in the product. All silos were prepared in triplicate and subjected to all measurements.
Redox potential (E) was measured directly on the material with a platinum electrode (PI 101) and a saturated calomel reference electrode (K401) using a pH meter (PH2B). E at pH 7 was calculated from formula 2 E (pHTO) = Eo + 58.1 + 244. 1X (pH-1) (2) where E 0 is the actual reading, 244.1 is the potential of the calomel electrode at the temperature at which the reading takes place, 58.1 is a constant, and pH is the measured pH of the sample (Huss and Larsen 1979) .
Statistical analyses for experiment 1 were performed according to the GLM-procedure in SAS (SAS 1985) . Changes in pH development and lactic acid production were evaluated according to the following split plot design mod- ijklm Treatment effects were tested against sample effect, using sample within dextrose level, inoculum size and initial pH as an error term.
Results
The effect of substrate concentration, inoculum size and preacidification on pH and lactic acid production in the silage is shown in Table 1 .
Generally, the results of measurements on individual silos within treatments showed very little variation between silos, but treatment effects (dextrose level, inoculum size and initial pH) were all highly significant (P<0.001). Lactic acid production and final pH decreased with increasing dextrose concentration, and an increase in inoculum level from 10 7 to 10 9 cfu/g resulted in faster lactic acid production and a decrease in pH during the first 24 hours. Slow initial fermentation (2% dextrose and 10 7 cfu/g) led to lower lactic acid concentrations and high final pH. Despite a significant treatment effect, preacidification ofherring offal before fermentation had little effect on lactic acid production and final pH within the inoculum and dextrose level (Table 1) .
Results of small-scale silo fermentation (Experiment 2) showed that fermentation without added carbohydrate caused pH to decrease from an initial value of 6.8 to 6.4 after 24 h, and then to increase to 6.8 in two days. The final pH after seven days at 25°C was about 6.5, but very little lactic acid was produced in this silage. In silage produced with 10 7 cfu/g L.p and 5% dextrose, PH decreased from an initial 6.8 to 4.4 in one week; over 2% lactic acid was produced during the first week of fermentation. Lactic acid fermentation with 2% dextrose as carbohydrate source produced poor quality silage. Slow initial lactic acid production and a slow initial pH decline resulted in a putrefied product after two weeks (Fig. la) . Measurement of redox potential in the fermented silage yielded identical results for within time and treatment measurements, and showed that the redox potential only decreased slightly in batches without dextrose and then increased to its initial level. With 2% dextrose addition the redox potential decreased from 0 to -550 mV during the first 24 hours but then increased to its initial level within seven days. The redox potential remained below -550 mV throughout the experimental period in the silage produced by addition of 5% dextrose (Fig. lb) . 
Discussion
The amount of carbohydrate necessary to ferment animal offal successfully with Lactobacillus plantarum was evaluated with dextrose because it is readily fermentable, and the results would not be confounded by a more complex carbohydrate or by-product source. Dextrose levels of 2-10% resulted in decreased pH after two days. However, 2% dextrose led to putrefied silage after one week, which was probably caused by competing bacteria in the silage, which could grow if the pH did not decrease to below 4.5 in two days. Another possibility is that only small amounts of lactic acid were produced during the initial pH decrease. 10% dextrose, on the other hand, led to slower initial fermentation but more Vol. 4: 11-17.
stable silage during storage. The slower initial fermentation might be caused by a high osmotic pressure, which also slows initial growth of lactic acid bacteria (Nester et al. 1978) . Hence, the 5% dextrose addition level was considered the most suitable for fermentation under the conditions tested. The results obtained conform with those from fermentation of poultry offal (Urlings 1992), where 4% dextrose was the substrate level giving the most successful fermentation with Lactobacillus plantarum. The combined effects of decreased pH and increased concentration of undissociated lactic acid molecules inhibit growth of spoilage bacteria, which explains why more lactic acid was produced with a faster initial pH decrease. Slow initial lactic acid production followed by a slow pH decrease and the availability of substrate facilitate growth of spoilage bacteria. Certain spoilage bacteria can also use lactic acid as an energy source when no fermentable sugars are available (Pelczar et al. 1977) . This may result in decreased lactic acid content and putrefaction of the silage (Raa 1980) , as was observed here after one week at low dextrose concentrations (2%). The lactic acid concentrations which inhibit growth of spoilage bacteria and result in a pH of under 4.4 in herring offal have been reported by Lindgren and Pleje (1983) and Hassan and Heath (1986) to be above 4.0%. This finding differs from that of the present study, where the highest lactic acid concentration was 3.7%, which corresponded to a pH of 4.0 after one week of fermentation with 10 9 cfu/g and 5% dextrose. Lactic acid production decreased when 10% dextrose was used as a carbohydrate source, which again may be caused by initial suppression of the growth of lactic acid bacteria owing to high osmotic pressure in the raw material (Hassan and Heath 1986) .The decline in the lactic acid content of samples prepared with less than 10% dextrose, and also in that of samples with a pH below 4.2, in which growth of spoilage bacteria could be considered to have ceased, may be explained by hydrolysis of fish bone, which neutralizes the silage. Consequently, more lactic acid has to be produced to retain a low pH. This is, however, not possible when no more substrate is available or if the lactic acid bacteria have been inhibited by the high lactic acid concentration (Jay 1986) .
Fermentation was more effective when the inoculum size was increased from 10 7 to 10 9 cfu/ g as shown by a lower final pH and increased lactic acid production. Owing to the great expense of increasing the inoculum size, preheating the offal might be a preferable alternative to improve fermentation with lower inoculum size. Studies by Hassan and Heath (1986) , however, showed no advantage to initial fermentation when fish offal was preheated before fermentation. 
Lassén, T. M.: Evaluation of conditions forfermentation offish offal
The fermentation process might also be improved by pre-acidification with other organic acids as more favourable growth conditions would be created for the lactic acid bacteria. Propionic acid was successfully used by Skrede and Nes (1988) to lower the initial pH in slaughter offal before fermentation with lactic acid bacteria. However, in the present study adjusting the initial pH to 6.5 and 6.0 resulted in almost the same final pH values as in non pre-acidified samples. This finding supports the results ofUrlings (1992), suggesting that pre-acidification is unnecessary for a successful fermentation.
Redox potential may be measured to estimate the growth conditions of anaerobic bacteria (Wolstrup 1972) and to determine the oxygen content of biological material (Harrison 1971) . Aerobic bacteria such as Bacillus demand high (positive) redox values, whereas anaerobic bacteria such as Clostridium demand low (negative) redox values (Jay 1986 ). Redox potential is always positive in the muscle and negative in the viscera of freshly caught herring (Huss and Larsen 1979) . The redox potential in warmblooded animals reaches a negative value shortly after the animals have been slaughtered and remains negative until aerobic deterioration (Barnes and Ingram 1955, Wirth and Leistner 1970) .
The results reported here clearly show that within treatment and sample measurements were very reproducible. Appropriate fermentation led to a low and stable redox potential (-550 mV) after two days' fermentation, whereas inappropriate fermentation led to an increasing redox potentia increased pH and decreased lactic acid concentration after two days' fermentation. Measurements of redox potential thus provide an efficient, fast and inexpensive means of estimating bacterial spoilage.
The feasibility of using lactic acid fermentation to preserve raw fish by-products was demonstrated with herring offal as a model. It was concluded that fermentation was most effective with an inoculum size of 10 9 cfu/g L.p and 5% dextrose at 25°C, as shown by sufficient initial lactic acid production, a rapid pH decrease and an eventual low and stable final pH. For economic reasons, however, an inoculum size of 10 8 cfu/g offal was considered more realistic for biopreservation of animal by-products. Measurement of redox potential was found to be a reliable and simple way of expressing conditions for bacterial growth under anaerobic fermentation and storage. 
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